H ereditary transthyretin amyloidosis (hATTR) is a rare, autosomal dominant disease caused by the misfolding of the liver protein transthyretin (TTR). Patients ultimately develop TTR depositions across multiple body systems and organs leading most prominently to progressive polyneuropathy or cardiac dysfunction, with many patients experiencing both. 1 Polyneuropathy associated with hATTR significantly impairs motor, autonomic, and sensory nerve function. Initial neuropathic pain is followed by progressive motor weakness, ultimately leading to the inability to walk. Gastrointestinal impairment due to autonomic neuropathy is also disabling, and it can progress to later-stage wasting and cachexia. 2 TTR deposition in cardiac tissue can result in thickening of ventricular walls, diastolic dysfunction, arrhythmia, and heart failure. 3 Approximately 10,000 people worldwide have been diagnosed with hATTR-related neuropathy, of which 3,000-3,500 patients are in the United States. The incidence of cardiomyopathy due to hATTR is largely unknown because of varying estimates of the proportion of patients who develop clinical disease (7%-80%), 4 although prevalence is known to increase with advancing age. The median age at onset of symptoms is 68.1 years, and the median survival time from diagnosis is 5-15 years; survival is shorter for individuals with cardiac involvement (2.5-4 years). 2 Standard treatment for hATTR includes diflunisal and liver transplantation, but neither approach reverses the damage caused by TTR deposits, and both treatments are restricted to relatively healthy patients due to safety and mortality risks. The Institute for Clinical and Economic Review (ICER) recently conducted a review of 2 new first-in-class drugs for hATTR: patisiran (Onpattro, Alnylam Pharmaceuticals) and inotersen (Tegsedi, Akcea Therapeutics). Both drugs aim to reduce TTR by targeting the RNA that produces the misfolded protein, either by enhancing RNA degradation (inotersen) or by reducing its production (patisiran). The U.S. Food and Drug Administration (FDA) approved patisiran on August 10, 2018; when ICER concluded its assessment in September 2018, inotersen was still undergoing FDA review. Here, we present a summary of the systematic literature review, cost-effectiveness
P E R S P E C T I V E S O N VA L U E
analyses, and policy discussion with key stakeholders regarding the overall value of these RNA-targeted therapies. The full report is published on ICER's website at www.icer-review.org. 5
■■ Summary of Findings Clinical Effectiveness
Our review compared the clinical effectiveness, safety, and economic effects of patisiran and inotersen monotherapy for patients with hATTR. Because of differences in populations (e.g., race, geographic region, and disease severity) and the use of 2 different novel neuropathy outcome measures, 3, 6 we did not directly compare the 2 drugs through meta-analysis; comparisons were possible only to the supportive care arm in the respective trials. Complete details on ICER's systematic literature search and protocol, including search strategy and PICOTS criteria, are available on ICER's website.
Our review included 3 references that reported inotersen safety and efficacy data from the 15-month randomized, double-blind, phase 3 NEURO-TTR trial and 1 publication that reported cardiac data from a single-arm, open label study. [6] [7] [8] [9] Patients in NEURO-TTR (n = 172) were in earlier stages of disease and had neuropathy-predominant symptoms of hATTR; those with previous liver transplants or signs of heart failure were excluded. After 15 months of treatment, inotersen slowed the progression of polyneuropathy (assessed by mNIS + 7 score) relative to placebo and stabilized neuropathy-related quality of life as measured by the Norfolk-QOL-DN score. For these co-primary outcomes, 36.5% of inotersen patients (risk/proportion difference = 17%, 95% confidence interval [CI] = 2.4-32.1 vs. placebo) showed improved mNIS + 7 scores, and half reported improved quality of life (risk/proportion difference = 23.1%, 95% CI = 7.0-39.2 vs. placebo). Open-label extension data suggest sustained delay of polyneuropathy progression. 6 There was no evidence of improvement versus placebo in echocardiographic measures with inotersen treatment after 15 months. 6 Five (4%) deaths were reported among patients in the NEURO-TTR trial, all of which occurred in the inotersen group; 1 death was considered possibly related to inotersen. In addition, platelet counts below 140,000 cells/mm 3 were reported in 54% of inotersen patients versus 13% of placebo patients, and three (3%) cases of glomerulonephritis occurred among corresponding states for each FAP stage with severe cardiac involvement. Potential cardiac treatment benefits were assessed only in scenario analysis, given a lack of data on these effects from the trials. Full details on ICER's cost-effectiveness analysis and model are available on ICER's website. 5 The price of both drugs in the U.S. market, net of anticipated discounts and rebates, is $345,000. 27 The economic model found that the incremental cost-effectiveness ratios for inotersen were $1,730,000 per QALY gained in the health care and societal perspectives ( Table 1 ). The incremental cost-effectiveness ratios for patisiran were $835,000 per QALY gained from a health care perspective and $853,000 per QALY gained from a societal perspective.
Limitations of the Cost-Effectiveness Model
This model relies on several assumptions and extrapolation from our current knowledge. Costs and quality of life measures have not been studied comprehensively for the specific trial populations; therefore, we assumed similarities between the NEURO-TTR and APOLLO populations and people in other studies of hATTR. Also, we were limited in measures of effectiveness for hATTR to those measures that were captured in the clinical trials as outcomes (i.e., FAP stage changes), as well as in the types of measures that could be linked to quality of life.
■■ Policy Discussion
The Midwest Comparative Effectiveness Public Advisory Council (Midwest CEPAC) is one of the independent appraisal committees convened by our institute to engage in the public deliberation of the evidence on clinical and cost-effectiveness of health care interventions. The Midwest CEPAC is composed of medical evidence experts, including practicing clinicians, inotersen recipients. 6 The final product label of inotersen included an FDA black box warning for thrombocytopenia and glomerulonephritis. 10 For patisiran, 15 references met our inclusion criteria, 3,11-24 including 2 peer-reviewed publications reporting results from the 18-month randomized, double-blind, phase 3 APOLLO trial. 3, 25 Patients in the APOLLO trial tended to be in intermediate stages of disease; exclusion criteria were similar to the NEURO-TTR trial. APOLLO results demonstrated a statistically significant mean improvement in neurologic function (primary outcome) and neuropathy-related quality of life (secondary outcome) with patisiran treatment compared with placebo. Seventy percent of patisiran patients reported stable or improved neuropathy stage (odds ratio [OR] = 39.9, 95% CI = 11.0-144.4 vs. placebo), and 51% of patisiran patients showed neurological improvement by mNIS + 7 score (OR = 10.0, 95% CI = 4.4-22.5 vs. placebo). Post hoc analyses suggest a decreased risk of the composite endpoint of all-cause mortality and hospitalization among patients with cardiac involvement. 25 Deaths were balanced between the patisiran (5%) and placebo (8%) arms of the study. 3 Treatment discontinuations due to adverse events were more common among placebo than patisiran patients. The most common adverse events reported in APOLLO were peripheral edema and infusion-related reactions; however, 4 serious adverse reactions of atrioventricular heart block occurred in patients who received patisiran.
Limitations of the Clinical Evidence
This evidence base is limited by the common limitations of rare disease evidence, including a small patient population, limited disease-specific clinical measures, clinical trial design challenges, and a lack of long-term safety and efficacy data. The patients enrolled in these studies had neuropathic clinical manifestations and are thus not representative of the broader patient population in which cardiac manifestations predominate. In addition, functional outcome measures were quite limited in both studies. Ultimately, for both medications, we were unable to quantify the magnitude of clinical benefit in polyneuropathy measured by the mNIS + 7 score and neuropathy-related quality of life without validated thresholds for meaningful clinical change.
Long-Term Cost-Effectiveness
We also estimated the cost-effectiveness, using quality-adjusted life-year (QALY) as the outcome of inotersen and patisiran monotherapy versus supportive care, under a Markov model specific to each trial population. The model was developed with 2 base cases-a health care sector and a societal perspective-under ICER's ultra-rare disease value framework, with costs and outcomes discounted at 3% annually. 26 The economic model for each drug included 6 disease states: 1 each for familial amyloid neuropathy (FAP) stage 1, 2, and 3 and The culminating vote of the Midwest CEPAC, intended to reflect its integration of the relevant elements of the value assessment framework, was on the "long-term value for money" of inotersen and patisiran. The CEPAC panel members voted that for adults with hATTR, the long-term value for money (low, intermediate, or high) of these agents plus best supportive care compared with best supportive care alone is "low": 11-0-0 for inotersen and 11-0-0 for patisiran.
The policy roundtable discussion explored how best to translate the evidence and broader perspectives discussed into clinical practice and into pricing and insurance coverage policies. The full set of policy recommendations can be found in the Final Evidence Report 5 ; however, key policy recommendations are as follows:
• Payers and other policymakers should consider potential broader benefits of inotersen and patisiran to patients, caregivers, and society, while simultaneously working to maintain affordability of health insurance for all patients now and in the future. • Given the novel mechanisms of action, lack of long-term safety and efficacy data, and high cost, it is reasonable for insurers and other payers to develop prior authorization criteria to ensure prudent use of these treatments. • Prior authorization criteria should be based on clinical evidence, with input from clinical experts and patient groups. Specific elements of coverage criteria for hATTR drugs are included in the final Evidence Report. 5 methodologists, and leaders in patient engagement and advocacy. Their deliberation includes input from clinical experts and patient representatives specific to the condition under review, as well as formal comment from manufacturers and the public. A policy roundtable concludes each meeting during which representatives from insurers and manufacturers join with clinical experts and patient representatives to discuss how best to apply the findings of the evidence to clinical practice, insurance coverage, and pricing negotiations. The structure through which ICER evidence reports present information to the Midwest CEPAC is presented in Figure 1 . This value assessment framework represents the conceptual framework through which considerations of different elements of value are integrated in judgments on long-term value for money and short-term affordability. 28, 29 The ICER report on inotersen and patisiran was the subject of a Midwest CEPAC meeting in September 2018. Following discussion, the CEPAC panel members voted that the evidence was adequate to demonstrate the superiority of both drugs versus standard of care: 9-2 for inotersen and 10-1 for patisiran. The panel also voted 10-1 that the evidence was not adequate to distinguish between the net health benefit provided by the 2 new treatments.
The CEPAC panel voted on "other potential benefits" and "contextual considerations" as part of a process intended to signal to policymakers whether there are important considerations when making judgments about long-term value for money not adequately captured in analyses of clinical and/or cost effectiveness. The results of these votes are shown in Tables 2 and 3 • Manufacturers should bring the price for innovative treatments for hATTR down to a level that aligns fairly with the added benefits for patients. • Future research should address the durability of improvements in neurological function, longer-term safety, and cardiac outcomes provided by treatments for hATTR.
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■■ Conclusions
The RNA-based therapeutics patisiran and inotersen for hATTR represent an important advance in the treatment of a rare genetic disorder with high unmet need. However, despite consideration of potential broader benefits and of the contextual considerations associated with treatment of an ultra-rare disorder, the pricing of these drugs in the U.S. health care system was judged to represent low long-term value for money. Further efforts are needed to help align the price of these treatments with their demonstrated benefits in order to ensure sustainable access to high-value care for all patients.
When compared to best supportive care alone, does the addition of inotersen or patisiran offer one or more of the following "other benefits"?
Potential Benefit Panel Votes a a. This intervention offers reduced complexity that will significantly improve patient outcomes 3 b. This intervention will reduce important health disparities across racial, ethnic, gender, socioeconomic, or regional categories 0 c. This intervention will significantly reduce caregiver or broader family burden 10 d. This intervention offers a novel mechanism of action or approach that will allow successful treatment of many patients who have failed other treatments 11 e. This intervention will have a significant impact on improving patients' ability to return to work and/or their overall productivity 8 f. This intervention will have a significant positive impact outside the family, including on schools and/or communities 3 g. This intervention will have a significant impact on the entire "infrastructure" of care, including effects on screening for affected patients, on the sensitization of clinicians, and on the dissemination of understanding about the condition, that may revolutionize how patients are cared for in many ways that extend beyond the treatment itself 
Other Benefits or Disadvantages
Are any of the following contextual considerations important in assessing inotersen's or patisiran's long-term value for money in patients?
Contextual Consideration
Panel Votes a a. This intervention is intended for the care of individuals with a condition of particularly high severity in terms of impact on length of life and/or quality of life 10 b. This intervention is intended for the care of individuals with a condition that represents a particularly high lifetime burden of illness 11 c. This intervention is the first to offer any improvement for patients with this condition 8 d. Compared to best supportive care, there is significant uncertainty about the long-term risk of serious side effects of this intervention 9 e. Compared to best supportive care, there is significant uncertainty about the magnitude or durability of the long-term benefits of this intervention 
Authors
The positive results of the patisiran and inotersen studies were preceded 5 years earlier by 2 RCTs that demonstrated the ability of TTR protein stabilizers to inhibit TTR misfolding and slow neurologic decline in patients with hATTR amyloidosis. 4, 5 Those drugs, diflunisal (generic nonsteroidal anti-inflammatory drug) and tafamidis (FoldRx/Pfizer), changed the lives of many patients. Despite an overall beneficial effect, however, over 75% of patients treated with TTR protein stabilizers experience continued neurologic decline. In contrast, the TTR gene silencers more reliably halt disease and, for the first time, offer potential improvement in polyneuropathy and, possibly, heart function in 37%-56% of those receiving treatment. 1, 2 Moreover, an ad hoc analysis report showed a decrease in all-cause mortality and cardiac hospitalization rates in patients randomized to the TTR gene silencer patisiran versus placebo patients. 6 Why then the disparate findings and the lukewarm ICER/ Midwest CEPAC grading of TTR gene silencers?
To the external observer, the ICER time line from data review to drug grading appeared overly ambitious. Six months before the September 2018 Midwest CEPAC presentations, ICER posted scoping documents for the 2 topics on the meeting agenda: (a) use of antiandrogen therapies in nonmetastatic prostate cancer and (b) effectiveness of TTR gene silencers in hATTR amyloid neuropathy. However, full access to RCT data critical to ICER's proposed analyses and presentations did not occur until the data embargo imposed by the New England Journal of Medicine was lifted with the publication of study results for the antiandrogen products on April 12, 2018, and the publication of trial data for the TTR gene silencers on July 5, 2018, nearly 3 months later. 7, 8 Despite the relative inaccessibility of the TTR gene silencing trial data, evidence reports for antiandrogen and TTR gene-silencer presentations were posted On September 13, 2018, the Institute for Clinical and Economic Review (ICER), a nonprofit research organization created to provide impartial reviews and economic guidance to parties interested in new treatments approved by the U.S. Food and Drug Administration (FDA), presented its findings on 2 transthyretin (TTR) gene-silencing drugs to the Midwest Comparative Effectiveness Public Advisory Council (Midwest CEPAC), a committee of medical evidence experts. The products of billion-dollar investments by Alnylam Pharmaceuticals (Cambridge, MA) and Ionis Pharmaceuticals/Akcea Therapeutics (Carlsbad, CA) received grades of B + and C +, respectively, on the scale of quality-adjusted life-years. For patients with hereditary transthyretin amyloidosis (hATTR) and their advocacy organizations committed to getting drugs to affected people, the lukewarm grading was surprising and disappointing.
Two months earlier, the New England Journal of Medicine featured 2 lead articles and an editorial, 1-3 trumpeting diseasealtering randomized controlled trial (RCT) results for these TTR gene-silencing drugs-patisiran, an RNA interference agent, and inotersen, an antisense oligonucleotide drug-in the treatment of hATTR. hATTR is an autosomal dominant lethal neurodegenerative disease resulting from the misaggregation and organ deposition of mutated transthyretin. Advancing 10 times as quickly as diabetic polyneuropathy, patients with untreated hATTR amyloid polyneuropathy die 5-15 years after diagnosis from progressive loss of limb function, bowel control, and blood pressure regulation that renders them bed bound and completely dependent on others. It is a disease that devastates the afflicted and traumatizes family caregivers.
